The ataxia telangiectasia mutated (ATM)-p53 pathway is a well-known main signal transduction pathway for cellular responses, which is activated by g-ray irradiation. Microarray analysis showed changes in the expressions of IFN-stimulated genes (ISG) in g-ray-irradiated Balb/cA/Atm-deficient mouse embryonic fibroblasts (MEF) (ATM-KO), indicating that another pathway for cellular responses besides the ATM-p53 pathway was activated by g-ray irradiation. The basal expression levels of Irf7 and Stat1 in ATM-KO and p53-deficient MEFs (p53-KO) were higher than those in Atm-wild-type MEFs (ATM-WT) and p53-wild-type MEFs (p53-WT), respectively. Irradiation stimulated the expressions of Irf7 and Stat1 in ATM-KO, p53-KO, ATM-WT, and p53-WT, indicating that upregulation of Irf7 and Stat1 expressions by irradiation did not depend on the ATM-p53 pathway. When conditioned medium (CM) obtained from irradiated ATM-WT or ATM-KO was added to nonirradiated MEFs, the expressions of Irf7 and Stat1 increased. We predicted that gene activation in nonirradiated MEFs was caused by IFN-a/b. Unexpectedly, significant amount of IFN-a/b could not be detected in the CM from irradiated ATM-WT or ATM-KO. Meanwhile, increased expression of Ccl5 (RANTES) protein was detected in the CM from irradiated MEFs. These results indicate that ISGs were activated by g-ray irradiation independently of the ATM-p53 pathway and gene activation was caused by radiation-induced soluble factors. Mol Cancer Res; 9(4); 476-84. Ó2011 AACR.
Introduction
Cell signaling pathways such as the ataxia telangiectasia mutated (ATM)-p53 pathway activated by g-ray irradiation have been well studied. Irradiated cells are known to accumulate p53 immediately after radiation-induced DNA damage, resulting in the induction of cell cycle arrest at the G1 phase or apoptosis (1) . Phosphoinositide 3-kinases such as ATM and DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) are activated after radiationinduced DNA double-strand breaks. ATM phosphorylates p53 at Ser15/18, leading to its stabilization through the inhibition of murine double minute 2-dependent degradation (2) . Many proteins associated with cell cycle checkpoint control, apoptotic responses, and DNA repair, for example, p53, Chk2, and others, are phosphorylated by ATM (3, 4) . Therefore, DNA damage-dependent pathway such as that associated with ATM-p53 or DNA-PKcs has been the major focus in radiation biology. Recently, another pathway besides the ATM-p53 pathway has been reported. Sphingomyelinase is activated by irradiation independently of the ATM-p53 pathway to produce ceramide, which in turn, can induce signals of c-Raf and downstream genes of the mitogen-activated protein kinase superfamily members (5, 6) . Furthermore, ATM-knockdown HeLa cells produced by treating with Atm-targeting siRNA showed 10-fold upregulation of IFN-stimulated genes (ISGs) after irradiation (7) . Hence, we focused on the radiation-induced pathway that was independent of ATM-p53. To clarify the activation of this pathway by g-ray irradiation, gene expressions in Atm-deficient mouse embryonic fibroblasts (MEF; ATM-KO) and Atm-wild-type MEFs (ATM-WT) were compared by microarray analysis.
Radiation-induced bystander effects are well-known phenomena, in which genomic aberration(s) or altered cellular responses in nonirradiated cells are induced by irradiated neighbor cells. However, the underlying molecular mechanism has not been sufficiently elucidated. Mothersill and Seymour originally found another type of radiation-induced bystander effect, in which nonirradiated cells showed a decreased ability of colony formation after treatment with conditioned medium (CM) obtained from irradiated cells (8) . Several recent papers have indicated that p53 accumulation in irradiated cells can attenuate the secretion of nitric oxide synthase through the interaction of p53 with both TATA-binding protein and NF-kB (9, 10) . Furthermore, Yang and colleagues reported that CM-mediated intercellular communication caused bystander effects through toxic factors, other than reactive oxygen species, released from irradiated cells into the CM of cultured cells (11) . However, studies identifying the soluble factors associated with the induction of bystander effects are quite few. In this study, microarray analysis showed that the expressions of several ISGs were upregulated in irradiated ATM-KO. Thus, we speculated that the CM from irradiated ATM-KO had high activity for ISG expression. To clarify this activity of the CM from irradiated ATM-KO for ISG expression, the collected CM was analyzed using a cell-based assay for ISG expression, and cytokine expression in the CM from irradiated ATM-KO was measured. We focused on 2 points in this study: one was to identify a new ATM-independent signaling pathway activated by irradiation, and the other was to identify a possible recurrent radiation-induced bystander effect mediated by CM.
Materials and Methods

Establishment and culture of MEFs
Atm heterozygous mice derived from Atm-targeted mice (129/SvEv-Atm tm1Awb/þ ) were kindly supplied by the Radiation Biology Center, Kyoto University, courtesy of Dr. O. Niwa. The sequence of the Atm gene was analyzed by previously described genomic PCR method (12) . Atm þ/þ : ATM-WT and Atm-deficient MEFs (Atm À/À : ATM-KO) were established from 12-to 14-day-old embryos produced by crossing Balb/cHeA/Atm þ/À mice. p53-wild-type MEFs (p53-WT) and p53-deficient MEFs (p53-KO) were established from 12-to 14-day-old embryos produced by crossing p53-hetero C3H mice [C3H/HeN-TgH(p53); Accession no. CDB0001K] obtained from RIKEN BioResource Center, and the sequence of the p53 gene was analyzed by previously described genomic PCR method (13) . In addition, MEFs were established from C.B-17/ Icr þ/þ Jcl mice (CLEA Japan Inc.). The established MEFs were maintained for 3 to 6 passages and used for irradiation experiments and gene and protein analyses. Balb/cA/ATM-WT, Balb/cA/ATM-KO, C3H/p53-wild-type MEFs, C3H/p53-knockout MEFs, and C.B-17/Icr MEFs are indicated as ATM-WT, ATM-KO, p53-WT, p53-KO, and ICR-MEFs, respectively, in this article.
Cs g-ray irradiation
A suspension of each type of MEFs (8 mL; 5 Â 10 4 -10 Â 10 4 cells/mL) in Advanced Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS was added to culture flask, and incubated for 1 day at 37 C in a CO 2 incubator.
137 Cs g-ray irradiation at a dose rate of 0.9 Gy/ min for a total dose of 4.32 Gy was conducted using Gammacell 40 (MDS Nordion). The irradiated and nonirradiated MEFs were cultured and harvested at 1 to 3 days after irradiation, and their total RNAs were dissolved in 500 mL Trizol (Invitrogen) for extraction and subsequent analysis.
Culture of MEFs in the presence of ATM inhibitor
An ATM-specific inhibitor (KU55933; Sigma-Aldrich; ref. 14) was dissolved in dimethyl sulfoxide (DMSO) at final concentrations of 0.16, 0.4, 2, and 10 mmol/L. As a control, 0.1% DMSO alone was used. According to a standard protocol, KU55933 was added to the CM 1 hour before irradiation. ATM-WT was cultured in the medium containing KU55933 for 3 days at 37 C in a 5% CO 2 incubator.
Gene expression analysis by microarray
Irradiated and nonirradiated ATM-WT and ATM-KO were harvested at 3 days after irradiation. After RNA extraction from the harvested cells, gene expression was analyzed by microarray analysis (whole mouse genome oligo DNA microarray; Agilent). RNA samples were labeled with Cy3 (Agilent) and hybridized to the oligo microarray chips at 65 C for 17 hours. After washing and drying, each array was scanned using Agilent DNA Microarray Scanner, and the images were processed using Agilent Scan Control software. The "Gene Ontology" (GO) function in GeneSpring GX 11 software (Agilent) was used for the classification and measurement of whole-gene expression levels. Signal transduction pathways were analyzed with the Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems).
Gene expression analysis by real-time PCR
The expression levels of several genes such as Irf7 and Stat1, detected to be significantly high or low by microarray analysis, were confirmed by conducting quantitative realtime PCR (ABI. 7700; Applied Biosystems) to measure the levels of mRNA expression in the MEFs. The methods of total RNA isolation and reverse transcriptase (RT)-mix preparation were as described previously (15, 16) . The cDNAs of glyceraldehyde-3-phosphate dehydrogenase gene (Gapdh) were amplified and quantified as a control for RNA expression. The sense and antisense oligonucleotides used as primers and TaqMan probes for the detection of Irf7 and Stat1 were as follows: Irf7-TaqManProbe,
0 -ACA ACA TGC TGG TGA CAG AGC C-3 0 ; Stat1-Reverse, 5 0 -TGA AAA CTG CCA ACT CAA CAC CTC-3 0 . The primers used for the detection of Gapdh were as described previously (15, 16) .
Protein expression analysis by Western blotting
The expression levels of Irf7, Stat1, phosphorylated Stat1 (p-Stat1-Ser727), p53, and phosphorylated p53 (p-p53-Ser15/18) were analyzed by Western blotting. Proteins extracted from the irradiated and nonirradiated MEFs were dissolved in SDS sample buffer. b-Actin antibody (AC-15; Abcam) was used as a quantity control for protein expression.
Anti-phospho-p53 (Ser15/18; Cell Signaling Technology), anti-Irf7 (Invitrogen), anti-Stat1 (Cell Signaling Technology), and anti-phospho-Stat1 (Ser727; Cell Signaling Technology) were used as primary antibodies for the analysis of protein expression.
Analysis of Irf7 and Stat1 expression in nonirradiated MEFs after addition of CM collected from irradiated MEFs CM was obtained from ATM-WT or ATM-KO at 3 days after irradiation at 0.9 Gy/min for a total dose of 4.32 Gy. To evaluate the CM activity for the expression of each gene, ICR-MEFs were used in a cell-based assay; they were cultured without irradiation for 1 day after addition of each collected CM (1 mL 
Results
Microarray analysis of gene expression in ATM-KO
The expression patterns of whole mRNAs were analyzed by microarray to elucidate the change in signal transduction in ATM-KO after g-ray irradiation. We previously showed that changes at 3 days after irradiation were different from those in the early phase of irradiation (4 hours); thus, we selected the changes in the late phase (3 days) for microarray analysis (15, 16) . A total of 30,093 genes were confirmed by 2-way ANOVA to be of superior quality for use in the microarray analysis. The total number of genes with significantly (P < 0.05) low or high expression in ATM-KO, which showed loss of ATM function, was 203. These genes were classified into 2 clusters: cluster A consisted of 124 genes and cluster B consisted of 79 genes (Fig. 1A, left) . Cluster A mainly consisted of the genes downregulated because of loss of ATM function. Furthermore, 95 GO accessions were significantly (P < 0.01) detected in cluster A by a computational GO search (Supplementary Table S1 ). The total number of genes with significantly (P < 0.05) increased or decreased expression in ATM-KO after irradiation was 276. These genes were classified into 2 clusters: cluster C consisted of 144 genes and cluster D consisted of 132 genes (Fig. 1A, right) . Cluster C mainly consisted of the genes downregulated by irradiation. Furthermore, 24 GO accessions were significantly (P < 0.01) detected in cluster C (Supplementary Table S1 ). Genes in both clusters B and D were coordinately upregulated by loss of ATM function and irradiation, and only 34 genes were detected in both clusters B and D, which were upregulated by combined effects of loss of ATM function and irradiation. Three GO accessions were detected only in cluster B, and 3 other GO accessions were detected only in cluster D (Supplementary Table S1 ). Notably, 5 GO accessions, involving "immune response," "immune system process," "response to virus," and others, were detected in both clusters B and D (Supplementary Table S1 ).
IPA of genes in clusters A and B could detect a pathway involving chemokine genes such as Ccl3l3, Ccl4, and Ccl5 (Fig. 1B) . The ratios (nonirradiated ATM-KO/nonirradiated ATM-WT) of the expression levels of genes such as Ccl2, Ccl3l3, and Ccl4, which are activated by fibrinogen (17, 18) , were much decreased in nonirradiated condition (Fig. 1B) . On the other hand, the ratios of the expression levels of ISGs such as Stat1, Irf7, and Oas3 were increased without irradiation, by the loss of ATM function (Fig. 1B) . Furthermore, IPA of genes in clusters C and D could detect a pathway involving several ISGs such as Irf7 and Stat1 and chemokines genes such as Ccl5 (Fig. 1C) . The ratios (irradiated condition/nonirradiated condition) of the expression levels of these genes were much increased in both ATM-KO and ATM-WT after irradiation. These results indicate that upregulation of the expressions of ISGs was induced by either loss of ATM function or irradiation.
Expression of Irf7 and Stat1 and corresponding proteins in irradiated ATM-KO Both Irf7 and Stat1 are well-known ISGs, whose products play an important role in IFN production and signal transduction in response to viral infection (19, 20) . Because Irf7 and Stat1 were detected by IPA (Fig. 1B, 1C ), they were also implicated to play important roles in radiation response under conditions of ATM deficiency. Therefore, we focused on Irf7 and Stat1 to elucidate the expressions of ISGs after irradiation. The expression levels of these 2 genes were quantitatively analyzed by real-time PCR at 1, 2, and 3 days after g-ray irradiation (total dose, 4.32 Gy). The expressions of Irf7 and Stat1 at 3 days were significantly higher than those at 1 day. Furthermore, the expressions in nonirradiated ATM-WT at 3 days increased little, but those in irradiated ATM-WT much increased from 2 days (Fig. 2A) . On the other hand, the expressions in both nonirradiated and irradiated ATM-KO were remarkably increased from 2 days (Fig. 2A) . The expressions in nonirradiated ATM-KO were significantly (P < 0.05) higher than those in nonirradiated ATM-WT ( Fig. 2A) . This result indicates that ATM deficiency caused an increase in the basal expression levels of Irf7 and Stat1. Furthermore, those expressions at 3 days in irradiated ATM-WT and ATM-KO were significantly (P < 0.05) higher than those in nonirradiated ATM-WT and ATM-KO, respectively (Fig. 2B) , which indicates that radiation could induce the expressions of Irf7 and Stat1 without ATM. Moreover, the expressions of p-p53-Ser15/18, Irf7, Stat1, and p-Stat1-Ser727 in irradiated ATM-WT and ATM-KO were higher than those in nonirradiated ATM-WT and ATM-KO, respectively Three independent experiments were done and the data obtained were summarized. Significantly (P < 0.05) high and low expression levels of genes were detected in each condition and analyzed by 2-way ANOVA and a multiple testing correction (Benjamini-Hochberg false discovery rate). The 4 clusters were identified using "2 Â 2 self-organized cluster analysis" in GeneSpring GX 11. The heat map shows a graded color coding for the expression level of each gene, in which red and blue indicate upregulated and downregulated genes, respectively. Furthermore, each cluster was analyzed by conducting a GO search, and the GO terms detected in each of the 4 clusters are listed (Supplementary Table S1 ). B, pathway extracted for clusters A and B, whose genes were expressed as a result of loss of ATM function, using GeneSpring GX 11 and IPA. Symbols indicate gene name which were obtained from previous studies. Lines connecting 2 genes show the relationship between the genes, with the continuous and broken arrows indicating "upregulation" Figure 2 . A, the expression levels of Irf7 and Stat1 in ATM-WT and ATM-KO; (non-IR, nonirradiated; IR, irradiated) at 1, 2, and 3 days after irradiation were quantitatively analyzed by real-time PCR. Gapdh was used as an internal control, and statistical significance was determined by t test. B, the expression levels of Irf7 and Stat1 in ATM-WT and ATM-KO at 3 days after IR were quantitatively analyzed by real-time PCR, and radiation effects in each type of MEFs were estimated by comparing the expression levels with those in the same type of non-IR MEFs. Gapdh was used as an internal control, and statistical significance was determined by t test. C, the expression levels of Irf7, Stat1, p-p53-Ser15/18, and p-Stat1-Ser727 in ATM-WT and ATM-KO; (Non-IR, nonirradiated; IR, irradiated) at 3 days after irradiation were compared with Western blotting. b-Actin was used as an internal control. D, the expression levels of Irf7 and Stat1 in ATM-WT treated with KU55933 (0, 0.16, 0.4, 2, and 10 mmol/L), at 3 days after irradiation (IR), were quantitatively analyzed by real-time PCR, and the basal expression levels were estimated by comparing with the ratios in nonirradiated (Non-IR) ATM-WT cultured without DMSO and KU55933. Gapdh was used as an internal control, and statistical significance was determined by t test. (Fig. 2C) . To analyze the expressions of Irf7 and Stat1 under the condition of inhibited ATM kinase activity, the gene expressions in ATM-specific inhibitor (KU55933)-treated ATM-WT-which are mimics of ATM-KO-were compared with those in ATM-WT cultured with 0.1% DMSO alone as a control. The gene expressions were upregulated by irradiation, but 0.1% DMSO played no role in the radiation-induced upregulation of the gene expressions. Furthermore, 2 mmol/L and 10 mmol/L of KU55933 enhanced the gene expressions in irradiated ATM-WT (Fig. 2D) , which indicates that radiation could induce the expressions of Irf7 and Stat1 and that the ATM-specific inhibitor KU55933 could also enhance the gene expressions in irradiated ATM-WT.
Expression of Irf7 and Stat1 in irradiated p53-KO
The ATM-p53 pathway is a well-known main signal transduction pathway for cellular responses, which is activated by g-ray irradiation. Therefore, we focused on the p53 signaling pathway after irradiation of p53-KO. The basal expression levels of Irf7 and Stat1 in p53-KO were higher than those in p53-WT (Fig. 3) , which is a similar tendency as that seen in the comparison of ATM-KO and ATM-WT (Fig. 2B) . Furthermore, the gene expressions in irradiated p53-WT and p53-KO were slightly increased (Fig. 3) , and treatment with the ATM-specific inhibitor KU55933 slightly enhanced the expressions of the genes (Fig. 3) in both irradiated p53-WT and p53-KO. These results indicate that p53 deficiency caused an increase in the basal expression levels of Irf7 and Stat1 and that the gene expressions were enhanced by irradiation independently of p53.
Expression of cytokines in CM from irradiated MEFs
CM collected from irradiated ATM-WT or ATM-KO was assayed using a cell-based assay, which was done to measure the CM activity for the expressions of Irf7 and Stat1 in ICR-MEFs. ICR-MEFs were used as standard cells because we confirmed that they had high sensitivity for the expressions of Irf7 and Stat1 by irradiation or treatment with ATM inhibitor in preliminary experiments. The CM collected from nonirradiated ATM-WT at 1 to 3 days showed no activity for the expressions of Irf7 and Stat1, whereas that collected from irradiated ATM-WT at 2 to 3 days showed slightly increased activity (Fig. 4A) . On the other hand, the CM collected from both nonirradiated and irradiated ATM-KO at 2 to 3 days showed much increased activity for the gene expressions (Fig. 4A) . These results indicate that the CM-mediated expressions of Irf7 and Stat1 depend on irradiated or Atm-deficient condition. Thus, we predicted that the factor responsible for ISG activation was IFN-b in the CM, because upregulated expression of Ifnb1 was observed in the microarray analysis conducted in this study. The amount of IFN-a/b/g in the CM collected from irradiated or nonirradiated MEFs was then measured by ELISA; however, a significant detectable level of IFN-a/b/g was not observed in the CM from both irradiated ATM-WT and ATM-KO (data not shown). From these results, we predicted that the enhanced expressions of Irf7 and Stat1 in the CM from g-ray-irradiated ATM-WT or ATM-KO might be induced by cytokines other than IFN-a/b/g in the CM.
Two cytokine genes appearing in the IPA maps, Ccl5 (RANTES) and Ccl3l3 (Mip-1a) (Fig. 1B, 1C) , were selected for further analysis. Their encoded proteins were quantified by ELISA to determine their presence in the CM from irradiated ATM-WT or ATM-KO. The amount of RANTES (Ccl5) in the CM collected from irradiated ATM-KO at 1 to 3 days was higher than that in the CM collected from irradiated ATM-WT (Fig. 4B) . Furthermore, the amount of RANTES (Ccl5) in the CM collected from irradiated ATM-WT at 2 to 3 days was higher than that in the CM collected from nonirradiated ATM-WT (Fig. 4B) . These results indicate that the production of RANTES in the CM collected from irradiated MEFs might be related to the enhanced expressions of Irf7 and Stat1. On the other hand, no increase was observed in the amount of Ccl3l3 (Mip-1a) in the CM collected from either irradiated or nonirradiated ATM-KO at 1 to 3 days after irradiation (Fig. 4B) . These ELISA results were consistent with the microarray analysis results. Furthermore, to observe the function of chemokines such as Ccl5 (RANTES) and Cxcl10 (IP-10)-which were detected by IPA (Fig. 1B) -in the CM, purchased hrRANTES and hrIP-10 (0-1000 pg/ mL) were added to the CM, respectively, for analyzing the activity for the expressions of Irf7 and Stat1. However, the gene expressions were not significantly enhanced by the addition of any concentration of hrRANTES and hrIP-10 in the CM (data not shown). These results indicate that the increased amounts of Ccl5 (RANTES) and Cxcl10 (IP-10) in the CM from irradiated MEFs had no effect on the induction of the expressions of Irf7 and Stat1 and that unknown soluble factors in the CM from irradiated ATM-WT or ATM-KO might have upregulated the expressions of the 2 genes.
Discussion
Atm-knockdown HeLa cells, produced using Atm-targeting siRNA, showed induction of the expressions of ISGs by irradiation, although the biological significance of this finding has not been clarified (7) . Also, upregulation of ISGs was observed in g-ray-irradiated Atm-deficient MEFs in this study. These results indicate that upregulation of ISGs by g-ray irradiation was not related to the ATM-p53 signal transduction pathway. Furthermore, we predicted that the soluble factor responsible for ISG activation in the CM from irradiated MEFs might be IFN-a/b/g. IFN-a/b expression is known to be stimulated by immune responses during viral infections, such as through the Toll-like receptor (TLR) pathway; TLR triggers the induction of type I IFN (IFN-a/b), providing a crucial mechanism of antiviral defense. Moreover, Irf7 is known to be a master regulator of type I IFN-dependent immune responses (21) . Thus, IFNa/b expression is stimulated by Irf7, and Irf7 induces ISG expression through a positive feedback loop (19) . The positive feedback during viral infection is illustrated in the top panel of Figure 5 . Unexpectedly, the amount of IFN-a/b/g in the CM from irradiated Balb/cA MEFs (ATM-WT and ATM-KO) could not be detected in significant levels by ELISA in this study, and it was considered that radiation-induced activation of Irf7 and Stat1 might be caused by unknown soluble factors. Otherwise, the gene expressions might be stimulated by undetectable levels of IFN-a/b/g because the cell-based assay could detect high CM activity for the gene expressions. The activity for Irf7 and Stat1 expression after the addition of the CM from nonirradiated ATM-KO was higher than that after the addition of the CM from nonirradiated ATM-WT. Thus, Atm deficiency itself may produce unknown soluble factors for the upregulation of the expressions of Irf7 and Stat1 without irradiation. Hence, we concluded that viral stimulation and irradiation may use quite different pathways for the stimulation of Irf7 and Stat1 expression (Fig. 5) .
Basal expression levels of ISGs in nonirradiated Atm-or p53-deficient MEFs were higher than those in each nonirradiated wild-type MEFs, which indicate that nonphosphorylated ATM or p53 without g-ray radiation-induced DNA double-strand breaks may be suppressing ISGs activation. Townsend and colleagues have also reported enhanced Stat1 expression in p53-KO (22) . It is well known that radiation-induced ATM activation leads to the accumulation of p53. This study experiments also showed that treatment with ATM inhibitor enhanced the expressions of Irf7 and Stat1 in irradiated p53-KO, which indicated that the radiation-induced increase in ISG expression was not related to the activation of the ATM-p53 pathway. Takaoka and colleagues have shown Radiation-induced bystander effects are considered to be induced indirectly by cytokines or nitric oxides (9, 10, 11) . Significantly high expressions of Ccl5 and Cxcl10, which encode chemotactic chemokines involved in cell migration, were detected in irradiated or Atm-deficient condition in the microarray analysis conducted in this study (Figs. 1C and 4B ). Ccl5 (RANTES) promoter is stimulated by Irf7, and upregulation of IFN-inducible chemokines (Ccl5, Cxcl9, and Cxcl10) is always observed in tumor-associated macrophages activated by lipopolysaccharides (24) . Thus, the expression of Ccl5 (RANTES) in irradiated MEFs might be induced by radiation-induced Irf7. Monocyte/macrophage and lymphocyte recruitment and activation are the key components of the mechanism of radiation-induced fibrosis through CC chemokine ligand (CC) and CXC chemokine ligand (CXC) family members such as Ccl5 (RANTES) and Cxcl10 (IP-10; 25); thus, ATM may be related with radiation-induced fibrosis. Furthermore, it was reported that levels of Ccl5 (RANTES) and Cxcl10 (IP-10) in human acute myeloid leukemia cells from patients in the presence of fibroblasts were changed (26) , and ataxia telangiectasia (A-T) patients sometimes caused leukemia (27) . Thus, our findings in nonirradiated ATM-KO further suggest that these productions of chemokine in A-T patients may play a role for progressing leukemia.
Interestingly, another chemokine, Ccl3l3 (Mip-1a), which showed a very low expression in ATM-KO in both microarray analysis and ELISA, might also play an important role in cell migration under the condition of Atm deficiency. Furthermore, IPA done in this study g-Ray-Induced Activation of ISGs in ATM-Deficient Cells indicated that the expressions of 3 chemokine genes, that is, Ccl2, Ccl3l3 (Mip-1a), and Ccl4, were decreased in ATM-KO, and these genes are reported to be regulated by fibrinogen ( Fig. 1B; ref. 17, 18) ; thus, Atm deficiency may cause decrease in fibrinogen activity. This study revealed for the first time that irradiated cells produce unknown soluble factors in the CM, and these factors can stimulate the expression of ISGs such as Irf7 and Stat1 in nnonirradiated neighbor cells, which may be a radiation-induced bystander effect.
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